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It is now well known that the majority of pure metals are comparatively soft, but that in many cases the hardness can be increased by alloying with one or more elements which enter into primary substitutional solid solution. Although the hardness of these solid solutions is seldom very great, its study is of considerable interest, for they constitute the simplest type of alloy, and in many cases the alloys of complex structure contain a primary solid solution as the general matrix. In developing a theory of the hardness of alloys, the study of primary solid solutions is thus of great importance, and a large amount of published data already exists. Unfortunately, most of this is unsuitable for critical comparison, for many different hardness tests are in use, and, although for certain alloys empirical relations have been found to connect the results of different methods of testing, it is seldom that the results of one investigator can be compared accurately with those of another. To some extent this difficulty lies in the nature of the properties summarized by the term 'hardness'. If, for example, hardness is defined as resistance to per manent deformation, or to permanent indentation, the nature of the mechanical process has to be considered, and it does not follow that the same physical property is measured when indentations are made with differently shaped indenting tools. In the popular Brinell test, it is well known that the hardness number of a specimen usually varies with the load and the ball diameter, and comparison of isolated Brinell numbers may be quite misleading. Apart from the nature of the test employed, the hardness of an alloy may be influenced by factors such as grain size, Vol. 181. A. 24 September 1942) [ 11 and unless these are controlled, comparisons may again be misleading. To some extent any hardness test is arbitrary, but we shall here accept the view of O'Neill (1934) that the method of Meyer (1908) is the most satisfactory way of expressing results obtained with spherical indenters, and that the ultimate Meyer hardness, Pu> is the least unsatisfactory way of indicating hardness by means of a single constant. This method depends on the fact that for many substances the relation between the load L, and the diameter of impression d, for a ball of given diameter is expressed by the Meyer equation
L = adn.
Here n and a are constants for a given material, and d is the diameter of the in dentation after recovery. The so-called Meyer hardness, P, at a particular load L, is given by the expression P -4 L where \nd2 represents the projected area of the impression. Combination of these two expressions leads to the relation
The usual method of making a Meyer analysis is to plot log against log d, when a straight line is obtained over the range O l < d/D < 1, where D is the diameter of the ball. The slope of this line gives the constant n, and if the straight line is produced to the point where d -D, the corresponding load may be used to calculate the so-called ultimate Meyer hardness, Pu, given by
Pu -
The constant a is the value of L when d -1; th P0, is given by Pa = 4m In.
The Meyer hardness Pa has no fundamental significance, but with reasonably large balls it is a convenient measure of hardness at small degrees of deformation provided that a ball of constant diameter is always used; values of Pa obtained with balls of different diameter cannot be compared. The ultimate Meyer hardness, Pu, is of much greater significance, and is only influenced slightly by the ball diameter. Some investigators have also concluded that Pu is independent of the grain size of the material, but this has not been confirmed by the present work with a 4 mm. ball, and we have therefore been compelled to take additional precautions in order to compare the results for specimens with a constant grain size.
The only detailed and really satisfactory work on the relative hardness of different solid solutions appears to be that of Norbury (1923), who carried out Meyer analyses for the solid solutions of a number of elements in copper, and showed that with a few exceptions there was a clear correspondence between the increase in hardness, and the increase in atomic volume produced by 1 atomic % of the different solutes. In the present work we have first investigated the relation between grain size and the ultimate Meyer hardness of copper, silver, and of a number of silver alloys, and have shown that the Pu values are slightly influenced by grain size. We have then carried out complete Meyer analyses on solid solutions of silver containing approximately 2*4 and 5*0 atomic % of cadmium, indium, tin, antimony, zinc,, magnesium, aluminium, and gold,* and also for ternary solid solutions with zinc and cadmium. In view of the scarcity of accurate hardness data, we have investigated the above alloys in great detail, rather than attempted to cover a wider range in a less accurate way. We have obtained results referring to one standard grain size, and in this way we hope that a really reliable series of Pu values has been obtained, and we have then discussed the results in the light of the lattice distortion to be expected in this type of alloy. The experimental methods and results are described in § § 2 and 3 respectively, and the discussion is contained in § 4.
E x p e r im e n t a l m e t h o d s
The alloys used were supplied by Messrs Johnson Matthey and Co., Ltd., and were made from high-purity metals. They were cast into graphite moulds I f in. in diameter, and after surfacing in a lathe, were rolled to I f in. diameter, after which they were annealed for 4 days at 650° C in iron tubes packed with charcoal, except for the alloys with magnesium, which were annealed in evacuated tubes. The rods were then rolled to f in. diameter, and were received by us in this form.
The silver used for the preparation of the alloys was described as being of 99*99+% purity, the principal impurity being oxygen. In view of the results described later, it was considered desirable also to measure the hardness of spectro scopically pure silver, melted and cast in vacuo, and this material was cast in the form of a bar I f in. in diameter which was machined to I f in., cold-rolled to I f in., annealed for 8 hr. in a vacuum at 650° C, and finally cold-rolled to f in. diameter rod. The remaining metals were of high purity, and the analyses of the rods indicated that no contamination occurred during preparation. No signs of mechanical unsoundness (cracks, blowholes, etc.) were noted, and the good reproducibility of the results indicated that the specimens were entirely satisfactory. Our thanks are due to Mr A. R. Powell for the great care he took over this work in the laboratories of Messrs Johnson Matthey and Co., Ltd.
usually be classed as non-volatile metals, remarkable changes in composition may occur if different alloys are annealed in the same tube. The time and temperature of the final annealing treatment were adjusted so as to produce the desired grain size, and were always sufficient to ensure complete recrystallization.
Chemical analysis of specimens
After the hardness tests had been carried out, the composition of the specimens was determined by taking drillings from the immediate vicinity of the hardness impression. For each alloy system the 5 atomic % alloy* was also tested by the analysis of a sample taken from the periphery in order to detect radial segregation. This type of segregation was fortunately very small, and was usually of the order 0*02-0*03 % by weight, and as there seems to be no obvious method of correcting the hardness results for an effect of this kind, this source of error was neglected and the composition was taken to be given by the analysis of the material sur rounding the impression. Longitudinal segregation was guarded against by the analysis of two samples taken from widely separated positions in the bar. If the two analyses were in agreement, it was assumed that longitudinal segregation was absent, but, if any appreciable difference was found, additional analyses were carried out, and this was also done as a further check in some cases even where the two analyses agreed. Longitudinal segregation was found to be most serious in the 5 % silver-tin alloy for which the tin content was found to vary from 5*25 to 5*66% by weight at different places.
Most of the analytical work was carried out by Messrs Johnson Matthey and Co., Ltd., and the remainder by the Southern Testing Laboratories of Birmingham, Ala., U.S.A.
Hardness testing methods Examination of previous data suggested that satisfactory results would be obtained on £ in. diameter bars t by the use of a ball of diameter 4 mm. under loads up to 500 kg. The hardness tests in England were carried out on two machines, the first being a standard Brinell machine kindly placed at our disposal by Professor R. V. Southwell, F.R.S., at the Oxford University Engineering Laboratory. This was provided with a specially light yoke, and by the addition of suitable weights, loads of approximately 100, 200, 300, 400, and 500 kg. could be obtained. The actual loads were obtained by calibration against standard steels kindly provided by the National Physical Laboratory. Loads of approximately 20 and 40 kg. were obtained by means of a simple lever machine made by the Metropolitan Vickers Electrical Company, Ltd., and the exact loads were again determined by calibration against National Physical Laboratory standard steels. Our thanks are due to Dr H. J. Gough, F.R.S., for his help in connexion with the calibrations. For all the work except that on spectroscopically pure silver, the Meyer analyses were made from observations at six different loads, the exact values being 19-5, 39-2, 97-3, 195, 297, and 391 kg.
Owing to the outbreak of war, and the return of one of us (J. H. F.) to America, the work on the spectroscopically pure silver was carried out at Birmingham, Ala., U.S.A. A 5000 lb. capacity tensile and compressive tester was kindly made available by the American Cast Iron Pipe Company, and was satisfactorily adapted for the hardness tests. Elaborate precautions * were taken to ensure that the results were comparable with those obtained at Oxford, and the loads used were calibrated against a standard weight certified by the U.S. Bureau of Stan dards. The Meyer analyses were made from observations at ten different loads between 100 and 1000 lb.
In all the work the Meyer analyses were made by the method of concentric impressions, as in the work of Meyer and of Norbury. Experiments with alloys containing 5 atomic % of zinc and aluminium showed no difference in the diameters of the impressions obtained after application of loads for times varying from 1 to 5 min., and the duration of the load in the present experiments was never less than 1 min. After each application of the load, the impression was measured to an estimated 0*001 mm. for at least two mutually perpendicular diameters, and in many cases other diameters at 45° were also measured. The measurements were made with a travelling microscope kindly lent by Professor F. Soddy, F.R.S., and the accuracy was tested by comparing measurements of the same impression made at Oxford and at the National Physical Laboratory. For the work in America the travelling microscope used was calibrated against a line standard from the National Bureau of Standards.
Grain-size measurement and standardization
After the measurement of the impressions, one specimen of each alloy from each heat treatment was sectioned, and the section was polished and etched, and used for the determination of grain size, which was carried out by means of a Vickers Projection Microscope. From 150 to 200 individual grains were always counted, and in cases where there was any considerable variation in the grain size as many as 600 grains were counted on a single specimen. Twin crystals were not counted as separate crystals. This decision is admittedly arbitrary, but as no evidence was found of any marked variation in the number of twins per crystal, it does not affect the main purpose of the graimsize measurement, which was to obtain values for a standard grain size.
The grain size was expressed in grains per square millimetre, and a standard grain size of 59 grains/mm.2 was chosen for the comparison of results. This grain size is considerably smaller than that required in order to obtain uniform impres sions, and is such that both larger and smaller grain sizes can be obtained by suit-* These details will be found in the thesis 'The hardness of certain primary metallic solid solutions', presented by J. H. Frye for the degree of Doctor of Philosophy in the University of Oxford. 
A.
The effect of grain size on the ultimate Meyer hardness
Previous investigators had suggested that the ultimate Meyer hardness Pu was independent of the grain size, but the present work did not support this conclusion, and the question was therefore examined in detail for copper, silver, and also for the silver alloys. The results for the pure metals are given in table 1, from which it will be seen that a slight but clear effect exists, and that the values of Pu increase as th e grain size diminishes. In the case of the alloys, the position was complicated by the fact that specimens from the same bap but with different grain sizes sometimes had slightly different compositions. Table 2 summarizes the data for the cases in which the analyses of the two specimens agreed very closely, and it will be seen that in every case the value of Pu increases as the grain size becomes smaller. The error in Pu is regard * In general one of the two grain sizes was very near to the standard value, the only excep tion being the silver;gold alloy, for which the grain sizes o f the two specimens were 13 and 550 grains/mm.2 respectively. The corresponding values o f P u were 46*3 and 50-1, from which it will be appreciated that the correction was nearly always very small. as less than 0*5, and from the figures given in table 2 it will be appreciated that with smaller variations in grain size there were many cases in which the effect of grain size was within the experimental error, and we are not therefore submitting these results for detailed discussion. The data may be summarized by saying that in the whole of the forty-four alloys which were submitted to both hardness tests T a b l e 2 ultim ate Meyer hardness P u. and chemical analysis, only four pairs were found in which a decrease in grain size was accompanied by a decrease in Pu, and in all of these the difference was within the experimental error. The evidence appears therefore to be conclusive that Pu varies with the grain size, and that for accurate comparison the hardness numbers must refer to a standard grain size. As will be seen from table 1, the Meyer constant n decreases with decreasing grain size for both the high-purity silver and for the spectroscopically " pure metal. This is in agreement with previous results for other metals, and as will be seen from table 2 the same characteristic is shown by the alloys. The differences are usually small, and of the same order as the experimental error, but the general tendency is unmistakable.* In the case of copper the largest grain size has the largest value of n in agreement with the above principle, but the remaining points are in the reverse order, although the differences are all very small. * In table 2 the o n ly exception is shown b y the silver-tin alloys and the difference in n is only 0-015.
B.
The relative hardening effects of different solutes In order to present the data as concisely as possible we are submitting only one table containing the final results, all referring to a standard grain size of 59 grains/ mm.2. For many alloys two or more specimens were examined from each heat treatment. In cases where the analysis indicated that the bars were of uniform composition, the average values were taken and were used to obtain the value referring to the standard grain size. In cases where the compositions of the different specimens varied slightly, we have only included one value in table 3, and this represents an average of both the composition and hardness determinations. It must be emphasized that although table 3 shows only a limited number of results, these are average values based on the examination of more than 100 specimens, each involving a complete Meyer analysis. The values of Pu are accurate to within ± 0*5 kg./mm.2. The accuracy of the Pa values is less easy to estimate, since, although the experimental error is greater for the smaller impressions, this source of error is to some extent compensated by the fact that Pa is determined from the best straight line through the whole series of points in the Meyer analysis, and we consider that the Pa values can certainly be relied upon to within + 1*0 kg./mm. In attempting to correlate the hardening effects of different elements in solid solutions, we have to bear in mind that in an indentation test the deformation is highly localized, so that the metal in the neighbourhood of the impression has undergone extremely intense deformation. Recent work has shown that in the early stages of the deformation of a metal, the process involves gliding and breaking up into crystallites, whilst with extreme deformation, an actual distortion of the lattice is indicated by the X-ray results. We may therefore expect lattice distortion to be intimately connected with the hardening process, since, in the early stages of the deformation, the distortion will affect the ease of the gliding process, whilst, in the later stages of the deformation, the lattice distortion produced by the deformation process will be affected by that already existing owing to the presence of the solute atoms. For copper alloys, this general kind of relation was shown clearly by the work of Norbury, some of whose results are shown in figure 1. in
The hardness of prim ary solid solutions 9 difference in size o f solvent and solute atom F ig u r e 1 which the hardening effects of the different solvent elements are plotted against the difference in size of solvent and solute atoms, this difference being estimated from measurements of the densities of the solid solutions. The result for the silicon alloy was clearly anomalous, and this was regarded as due to the formation of com pounds. More recent work has shown that the solubility of silicon in copper is small at room temperature, and it is possible that the anomalous results are due partly to the breakdown of the supersaturated solid solution during the te s t: for the same reason the point for silver is not entirely free from doubt. These results do, however, show clearly the general effect of atomic volumes on the relative hardening pro duced by different solutes.
To carry the matter further it is necessary to consider the nature of the lattice distortion in a solid solution. It is well known that the lattice spacing of a solid solution as indicated by X-rays represents a mean value only, and that regions of more intense distortion exist in the neighbourhood of each solute atom. It is also highly probable that even in dilute solid solutions there is always a certain degree of local order, in the sense that solute atoms tend to keep far away from one another. A dilute primary solid solution may thus be regarded as containing a number of centres of distortion, and it would seem probable, therefore, that in comparing the relative hardening effects of different solutes, we should at first compare only alloys with approximately the same percentage of splute atoms. There is no reason why the hardening effect should be a simple function of the composition, since the mechanism of hardening may well be different for different percentages of the solute; this applies particularly to alloys with short-range order, since, in these, certain critical compositions may correspond with a sudden increase in the number of places where two solute atoms are first, second, third, ..., etc., closest neighbours. If the data in table 3 are examined, it will be seen that, when compared with the values for spectroscopically pure silver,* the ultimate Meyer hardness is increased by the addition of 2*6 and 4*7 atomic % of cadmium, whereas the ultimate Meyer hardness of the alloy containing 7*6 atomic % of cadmium is little greater than that of the 4*7 atomic % alloy, whilst the Pa value is hardening appears therefore to change between 5 and 7*6 atomic % cadmium, and for the remainder of this paper we shall confine out attention to the alloys con taining roughly 2*4 and 5 atomic % of solute.
In figure 2 for the vacuum-melted silver. The points for the 5 atomic % alloys with cadmium, indium, and tin lie on a second straight line also passing through the point for vacuum-melted silver, but of lower gradient. We may therefore conclude that for this series of alloys, at a given small atomic percentage of solute, the increase in Pu is proportional to the square of the lattice distortion. The points in figure 2 all refer to alloys in which the formation of the solid solution is accompanied by an expansion. Aluminium is in the same horizontal row of the Periodic Table as magnesium but produces a slight lattice contraction of silver. It is interesting to note that, in spite of the opposite sign of the lattice distortion, the increase in hardness at a given atomic percentage of magnesium and aluminium is again directly proportional to the square of the lattice distortion; this is shown in figure 3 a and 6. Magnesium and aluminium are both very electro positive, and the electrochemical factors, although different for the two systems silver-magnesium and silver-aluminium, are more nearly similar than in the systems silver-magnesium and silver-cadmium.
These results suggest clearly that for a given small atomic percentage of solutes which are adjacent members of the same row of the Periodic Table, the increase in hardness of silver is proportional to the square of the lattice distortion. No simple relation appears to exist between the relative effects of solutes in different rows of the Periodic Table, and the Pu values for the silver-zinc alloys are not simply related to those for the magnesium, aluminium, or the cadmium, indium, ... series. The greatest increase in hardness per unit lattice distortion is shown in the system silver-gold, and it is perhaps significant that the ion of gold is larger than that of silver, whereas the ions of all the remaining solutes are smaller. These results suggest therefore that the mean lattice distortions by themselves are not simply related to the relative hardening effects of the different solutes. With a series of elements such as cadmium, indium, ... the underlying ions of the solute are of the same structure, the quantum numbers of the valency electrons are identical, arid the details of the lattice distortion are presumably sufficiently alike for the mean distortion to be simply related to the hardening effect. With another series of elements as solutes, the mechanism of the distortion may be different, so that the relation between hardness and lattice distortion is no longer the same.
In order to test this point, a few experiments were made on ternary alloys of silver with cadmium and zinc. Since the lattice of silver is expanded by cadmium and contracted by zinc, ternary alloys may be made in which the mean lattice distortion is very small. If the hardness of the solid solution depended only on the mean lattice distortion, and not on the details of the distortion process, these alloys should be only very slightly harder than pure silver, whereas as can be seen from table 4 the hardening effect is considerable. Examination of the data in table 4 shows in fact that the Pu values of the two tern function, i.e. the hardness Pu of the dilute ternary solid solution containing x atomic % cadmium and y atomic % zinc is given by adding to the hardness of pure silver the increases in hardness found in binary alloys containing x and y atomic % of cadmium and zinc respectively. This appears of interest, since it implies that although, for the mean lattice distortion, the expansion produced by cadmium may be cancelled by the contraction produced by zinc, the localized centres of distortion retain their individuality so that the hardness is affected additively. We shall not of course expect such a simple relation when the con centration of a ternary solid solution becomes great enough for the interaction between the two solutes to be appreciable. From figure 3 and table 3 it will be seen that the increase in hardness for a given lattice distortion is smaller for the solutes cadmium, indium, tin, and antimony which follow silver in the Periodic Table than for solutes from other periods. This suggests that a given mean lattice distortion is less severe from the point of view of hardening when the solvent and solute have the same ionic structure and the same quantum number of their valency electrons, than when solvent and solute are farther apart in the Periodic Table. This conclusion is confirmed by the work of Norbury, whose results showed that at a given mean lattice distortion the hardening effect is much less for zinc, which follows copper in the Periodic Table, than for the other solutes examined, which were from different periods.
In comparing the hardness of the silver and copper alloys, the systems copperzinc and silver-cadmium appear strictly analogous, and it is of interest to note that if the Pu values are plotted against the lattice distortions, the initial gradient of uhe curve is greater for the silver-cadmium alloys. Silver is more compressible than copper, and the above facts suggest, therefore, that when the solid solutions are analogous, a given increase in the mean lattice spacing produces a greater hardening effect when the solvent metal is more compressible. This is in agreement with recent views of G. V. Raynor (1941) on age-hardening, and suggests that, other things being equal, a high compressibility results in a disturbance being spread over a wider region, and so involves a greater interference with the deforma tion process.
The above discussion refers exclusively to the Pu values, but the present work also throws some light on the rate of hardening of solid solutions with increasing
The hardness of prim ary solid solutions 13 501 In. Figure 4 shows the variation of Meyer hardness with increasing diameter of the impression from 1 to 4 mm., the curves referring to pure silver, and to the two alloys with indium. It will be seen that the rate of increase in hardness with increasing diameter of the impression is greater for the two alloys than for the pure metal, and this is a general principle. In the whole series of alloys, no case was found in which the gradient of the curve was less for the alloy than for pure silver, and although in the cadmium alloys the two curves were almost parallel, it seems reasonable to conclude that the formation of a solid solution increases the rate of hardening accompanying increased deformation.
